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Abstract. With increasing number of hadron therapy centres the need for proton-CT as a powerful imaging technique 
is growing. Although a number of experimental p-CT has been developed there is no clinical p-CT yet. The imaging 
technique is based on measuring entry and exit point of the proton from the tissue as well as the residual energy of the 
proton. The latter is very demanding in terms of high particle rates and required resolution. The p-CT concept using 
novel Low Gain Avalanche Detectors (LGADs) will be described where three layers of LGAD timing detectors are used 
to measure the proton track and its energy. The measurement of proton energy which is vital for image reconstruction 
(density of electrons) is obtained from time-of-flight measurements rather than conventional scintillator-based 
calorimeter. The first-time resolution measurements with very thin (35 µm) LGADs and GEANT4 simulations of the  
p-CT performance are presented. 
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1. INTRODUCTION 

Proton therapy provides better dose distributions in 
the low to intermediate dose range compared to 
conventional X-ray (photon) therapy (see Fig. 1) [1, 2]. 
That leads to improved therapy outcomes for certain 
types of cancer and less side effects. Uncertainties in 
patient positioning and beam range as well as internal 
changes of tumour and patient anatomy could, however, 
compromise treatment effectiveness. That has triggered 
numerous efforts to develop and improve treatment 
planning accuracy and image guidance for proton 
therapy. 

During current treatment planning in proton 
therapy an X-ray computed tomography (CT) dataset of 
the patient is acquired and the differences of the X-ray 
attenuation to that expected in the water (Hounsfield 
units) are converted to the relative stopping power for 
protons (RSP, related to electron density along the 
path). This conversion is one important source for range 
uncertainties, which are typically estimated on the order 
of 3–5% of the planned proton range. 

If treatment planning X-ray CT is replaced with 
proton CT (p-CT), where individual proton is tracked 
during the scan, this would lead to the reduction of the 
planning uncertainty at lower delivered dose. Pre-
treatment p-CT would also provide a method for pre-
treatment verification of correct patient setup and RSP 
distribution as well. Currently p-CT is still in pre-clinical 
stage of developments at different institutions around 
the world. 

The potential advantages of p-CT for image 
guidance in the treatment room are several: 
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• lower dose compared to X-ray cone-beam CT  

• absence of artefacts often presents in X-ray CT 
based reconstructions 

• using the same radiation source would allow 
imaging the patient immediately before treatment in the 
treatment position  

• detection of range errors before treatment in 
addition to serving as a low-dose alignment technique 
that could replace cone-beam CT. 

 

Figure 1. Comparison of photon and hadron based therapy in 
terms of delivered dose (bottom). Unlike the photons the 

hadrons deposit most of their energy at the end of the path-
Bragg peak in the tumor (top). Adapted from [3]. 

The information of the drift path and energy from 
many protons, typically of the order of 100 protons 
per mm3, coming in from many discrete or continuous 
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directions, is used to reconstruct the distribution of the 
RSP with sufficient spatial resolution. One of the 
challenges in proton imaging is the degraded spatial 
resolution due to multiple Coulomb scattering inside 
the imaged object. To improve the resolution, several 
most likely path (MLP) formulations have been 
proposed and are used in p-CT image reconstruction. 
Iterative algorithms can then be used to reconstruct 3D 
p-CT images from radiological projections. With these 
developments, including fast parallel processing of the 
acquired p-CT data, a clinical setting for p-CT system 
appears feasible. Protons can also be used to perform 
proton radiography, i.e., 2D imaging with protons 
traversing the patient offering imaging options at the 
reduced dose. 

2. REQUIREMENTS FOR P-CT 

Proton computed tomography, i.e., the 
reconstruction of tomographic images with protons of 
sufficient energy to penetrate a patient, was originally 
proposed by A. Cormack [4] and later by Koehler [5] and 
Hanson et al. [6]. In 2003, a p-CT collaboration was 
formed with the goal to perform design and simulation 
studies of pCT and to build a p-CT scanner prototype, 
based on the measure of the energy loss of the protons 
[7].  

A system was based on conventional particle 
detectors from high energy physics. Several prototype 
systems were built in the last decade with a 
comprehensive review of them given in [8]. Proton CT 
utilizes position and direction information of the 
protons before and after the patient and energy 
deposited by protons while traversing the tumour. The 
residual energy of the exiting proton is measured in a 
“calorimeter” as shown in Fig. 2. Most of the prototypes 
used either Silicon Strip Detectors (SSD), Gas Electron 
Multipliers (GEM) or Scintillating fibers for tracking 
and calorimeter based on scintillator detectors (CsI, 
segmented scintillators). A very complex digital 
tracking calorimeter with many planes of CMOS sensors 
measuring the range of protons are also used.  

Table 1. Required parameters for a clinical p-CT [9]. 

 
 

Although use of these detectors allows for 
construction of a full scanner, they have many 
limitations such as sensor-limited acquisition speeds, 
accurate calibration of calorimeter, its resolution and 
assembly of different detector technologies. 

The p-CT system requirements for successful 
clinical application of p-CT are listed in Table 1 [9]. The 

tracking section of the system is currently mostly 
realized by position sensitive single sided strip detectors 
(also gaseous) suitable for covering larger area with 
smaller number of channels and much easier readout 
and connectivity with respect to pixel detectors. In order 
to have space point two such planes are used on each 
side of the investigated object. The ambiguity in 
determining the position when multiple protons hit the 
sensor effectively limits the rate. The required position 
resolution is moderate by the standards of similar 
devices used in particle physics and is determined by the 
voxel size (∼ 1 mm3 - limited by scattering) used to 
reconstruct the path of the proton in the object. Around 
several 100 p/mm3 are required to reconstruct the 
picture with adequate resolution. The acquisition rates 
for imaging an object of a human head size therefore 
requires rates of several tens MHz in order to stay 
within few minutes of examination time mostly with fast 
pencil scanning proton beams. The precise electron 
density determination sets the limit of proton’s residual 
energy to around σE/E ∼ 1% , hence σE ≲ 1 MeV. 

 

Figure 2. Schematic view of the p-CT system composed of the 
tracking planes before and after the object and calorimeter. 
During the p-CT acquisition the object (or system) rotates 

around the vertical axis (taken from [7]). 

There have been many attempts to have a reliable 
energy resolution, but coupling tracking detectors with 
calorimeter is a very difficult and leads to large 
uncertainties. This is also one of the reasons why the 
development of the p-CT is still in pre-clinical phase. 

3. TIME OF FLIGHT P-CT 

The energy measurement of exiting protons is 
possible also by using the time-of-flight providing the 
time resolution of the sensors and flight paths are 
appropriate. Recently, novel position sensitive silicon 
detectors with internal gain, Low Gain Avalanche 
Detectors - LGAD, have been developed [10, 11]. which 
allow superb time resolution and good enough position 
resolution (see section 4). The use of these detectors 
allows the simplification of the setup shown in Fig. 2 
into that shown in Fig. 3.  

 

Figure 3. Schematic layout of the proposed system  
consisting of three planes of LGAD sensors  

and investigated object – blue sphere. 

It consists of minimum 3 planes of pixel detectors 
which should have sufficient position resolution 
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(see Table 1). The first two planes (plane1 and plane2) 
serve as a tracking detector for the impinging protons. 
The plane2 and plane3 are dedicated to time-of-flight 
measurement of the proton exiting the investigated 
object/tumour. As indicated in Fig. 3 the velocity of the 
exiting proton can be determined from the position and 
time difference between the hits in the two planes. The 
energy Ep of the proton is then determined as 

𝐸𝑝 = 𝑚𝑝𝑐2[
1

√1−
(𝑥3−𝑥2)2+(𝑦3−𝑦2)2+𝑙2

𝑐2(𝑡3−𝑡2)2

− 1]   (1) 

where c is the speed of light, mp proton mass and l 
distance between the planes. It follows from Eq. 1 that 
the energy resolution depends on the time resolution, 
i.e. uncertainty of t3 − t2 measurement. For a sensor 
time resolution στ the accuracy of the measurement 
improves with l, but that requires larger instrumented 
surface. It is therefore crucial to use sensors with superb 
time resolution. The uncertainty of position resolution 
has negligible effect on proton energy resolution σE as 
σx,y ≪ l. 

The required energy resolution and achievable time 
resolution of the sensor planes (στ ∼ 20 ps) determine 
the distance between the planes. For the typical energies 
of the protons exiting the investigated object ∼ 100 MeV 
the distance required for σE < 1 MeV is of order 0.5-1 m 
which makes construction of such system possible also 
for clinical use. It is important to stress that unlike for 
conventional calorimeters, the energy resolution 
improves at lower proton energies (larger t3−t2), 
therefore allowing adjustment of proton energy to reach 
optimum performance.  

Moreover, the timing information from planes 1 & 2 
offers an advantage in more precise determination of 
the MLP of proton in the investigated object, e.g. by 
constraining it with the time difference of the hits. Also, 
location of tissue with more stopping power will 
influence the time of particle detection in plane 2. At a 
given energy loss and the hit position there will be a 
difference in time depending on where the denser tissue 
is and is indicated in Fig. 4. Therefore, the use of full 
timing information in calculation of the most likely path 
and image reconstruction may offer an important 
advantage over the conventional p-CT design.  

 

Figure 4. An example of sensitivity of reconstructed  
proton path to the location of the denser tissue  

(dark blue box) with larger stopping power. The hit  
positions and energy loss of the proton is identical  

in both cases (left/right), but differs in time. 

4. LOW GAIN AVALANCHE DETECTORS 

Low Gain Avalanche Detectors were developed for 
track timing in experimental particle physics, most 
notably for both large experiments ATLAS and CMS 
built around the upgraded Large Hadron Collider 
planned for 2029 at CERN [12, 13]. 

 

Figure 5. (a) Schematic view of the LGAD detector.  
The proton track through the sensors is shown with an 

illustration of the energy deposited along the proton track.  
(b) Photo of 2x2 cm2 LGAD detector with 1.3x1.3 mm2 pixels 

produced as ATLAS prototype [12].  

These detectors are similar to conventional silicon 
pixel or strip detectors ones used in several present  
p-CT prototypes, but have underneath a highly doped 
n++ layer a highly doped p+ layer, 1-2 µm thick, followed 
by detector bulk (active region) of p-type as shown in 
Fig. 5). High electric field established between n++ and 
p+ layer is responsible for charge multiplication by 
impact ionization in a similar way as for Avalanche 
Photo-Diodes (see electric field shape in Fig. 5). The 
gains of up to ∼ 100 were obtained on prototype devices 
depending on applied voltage, temperature and doping 
profiles [11]. Such high gain allows for operation of very 
thin, hence very fast, detectors with ≤ 50 µm thickness, 
while still retaining excellent signal-to-noise ratio 
(S/N). These devices are therefore ideal for precise 
measurement of the time particle/proton crossing the 
detector with resolutions of O(10 ps). 

  

Figure 6. Schematic view of the setup measuring the 
performance of the prototype sensors - DUT. A fast trans-
impedance discrete electronics on UCSC boards is used to 
readout the signals with a fast-digitizing oscilloscope. The 

readout is triggered with scintillator coupled to a 
photomultiplier in coincidence with the reference timing 

detector (ref. det.). 

The sensor time resolution (in combination with 
electronics) is mainly determined by the time walk and 
noise jitter (see [11, 14] for details). The latter is roughly 
determined as σjitter ≈ tc/(S/N), where tc is the signal 
collection time and S/N signal-to-noise ratio. Time-
walk and jitter contributions are summed in squares.  

The time walk is a consequence of different amount 
of deposited energy, which is also non-homogeneously 
distributed along the impinging particle track (see 
illustration in Fig. 5a for proton track). The induced 
current in the sensitive electrode has therefore in 
general different shape and amplitude for every proton. 
The difference in amplitude can be accounted 
for/compensated e.g. with measurement of time of 
crossing the threshold (ToA) and time over that fixed 
threshold (ToT) or constant fraction discrimination 
providing that the pulses have same shape. Different 
shapes of the induced current result in so called non-
reducible “Landau time walk” (or “Landau 
fluctuations”), which dominates the time resolution for 
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planar detectors with thickness ≪ pixel size such as the 
large pixel LGADs. The achievable time resolution is 
reduced by the use of thin sensors as spread of the free 
carrier collection/drift times gets smaller O(1 ns).  

The pixel size of the large 2×2 cm2 LGAD sensors 
(see Fig. 5b) developed for HL-LHC applications is 
1.3×1.3 mm2, which means that spatial resolution of  
σx,y ∼ 375 µm can be reached. This is below the required 
resolution in Table 1. The LGADs are very fast easily 
achieving the rates needed for clinical use with proper 
electronics. The current HL-LHC LGAD prototypes 
have a drawback of not having the 100% fill factor. The 
field lines in the inter-pixel region don’t end in the gain 
layer (p+) hence the inter-pixel region is effectively 
inefficient.  

 

Figure 7. (a) Collected charge dependence on bias voltage for 
investigated LGAD (b) measured jitter and (c) time resolution 
of the sensor readout with fast trans-impedance electronics. 

The preliminary measurements of the time 
resolution, jitter and collected charge with detectors 
suitable for p-CT were measured with the most 
appropriated prototype sensors produced by 
Hamamatsu Photonics, Japan (HPK). Their active 
thickness was 35 µm (total device thickness 200 µm) 
and a single pixel device was read out with fast 
electronics. The setup shown in Fig. 6 detects 90Sr 
electrons. The details about the setup and analysis done 
can be found in [15]. 

The measured results at −20◦C are shown in Fig. 7. 
The achievable collected charge reaches almost 30 fC 
corresponding to gains or around 80. The noise of 
electronics was around 0.5 fC, hence the measured jitter 
∼ 10 ps was similar to the estimated one. The time 
resolution of around 20 ps was achieved dominated by 
landau fluctuations of around 18 ps. This value is close 
to the one obtained by simulations [16] and represents 
the ultimate limit of achievable time resolution with 
sensors of such thickness. The LGAD detectors are more 
than sufficiently radiation hard, greatly surpassing the 
radiation hardness tolerance in Table 1 [12, 13, 14, 15]. 

5. GEANT-4 SIMULATIONS 

The first feasibility studies of the system shown in 
Fig. 3 were simulated in GEANT4 [17] and shown in 
Fig. 8. The energy of protons hitting the plane1 
perpendicularly was 230 MeV. A water sphere of 20 cm 
diameter was placed between the plane1 and plane2. 
The distribution t3 − t2 is shown in Fig. 9a and largely 
reflects the time needed for protons to travel the 
distance between planes 2 & 3. The energy loss in active 
region of LGADs is shown in Fig. 9b. As can be seen the 
protons are more ionizing than minimum ionizing 
particles, in this case around for a factor of five. This fact 
will should lead to even higher collected charge, hence 
S/N, than shown in Fig. 9a, but at the same time higher 
free carrier concentration will lead to larger screening 
effects [18]. It is therefore important to test the LGADs 
in the proton beam. According to simulations the 

improvement due to smaller Landau fluctuations 
should be a few ps with respect to the minimum ionizing 
particles [16]. 

 

Figure 8. Simulated transport of 230 MeV protons through 
the water sphere of 20 cm diameter between the three planes 
of 200 µm thick detector (50 µm active thickness and 150 µm 

substrate), 300 µm of electronics and 1 mm of PCB. For all 
three planes the sensor surface is facing towards the beam. 

The space around the planes is filled with air. 

The distribution of the simulated proton energy 
exiting the plane 2 (MC TRUE) and reconstructed 
energy using simulated position and ToA in plane 2 & 3 
is shown in Fig. 9c. Note the width of MC TRUE 
distribution due to energy loss fluctuations in the object. 
The achievable energy resolution is shown in Fig. 9d. 
The simulated resolution is close to desired one in 
Table 1 and shows that the time-of-flight approach is 
feasible. The improvement of the sensor time resolution 
or larger l lead to improved time resolution. For l ∼ 1 m 
the σE/E ≤ 1% is reached.  

 

Figure 9. (a) Reconstructed time difference t3−t2,  
(b) deposited energy in active thickness of LGAD for  

different planes, (c) spectrum of protons leaving  
plane3 and (d) reconstructed energy resolution. 

6. CONCLUSIONS AND OUTLOOK 

The construction of p-CT using LGAD sensors seems 
to be feasible with present state-of-art LGAD sensors. 
The use of LGADs would greatly simplify the design of 
the p-CT apparatus by reducing the complexity of 
several detector technologies and their integration. 
Moreover, it would offer new approaches in 
reconstruction, by using timing information from all 
three layers. The LGADs are radiation hard and can 
cope with the required particle rates for clinical use. The 
most challenging and demanding would be the 
development of application specific electronics (ASIC) 
tailored to the needs of the p-CT. Presently the readout 
ASIC for ATLAS-High Granularity Timing Detector [12] 
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cannot achieve the desired time resolution and also 
don’t have the right functionality. The improvement of 
jitter contribution and smaller power dissipation are 
expected by going to more advanced processes, such as 
[22]. Relatively large pixels however allow lots of the 
required functionalities to be hosted already by the 
ASIC thus opening possibilities of simplified post-
processing. Although LGADs can be operated at room 
temperature a fast and complex high-speed electronics 
would require moderate cooling. It is desired for the 
system to have low mass for easier reconstruction, 
hence a lightweight cooling system would be needed. 
New advances in LGADs try to avoid inefficient gaps 
between to pixels and lead to better fill factor [19, 20, 
21].  
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